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We consider minimal U(1) extensions of the Standard Model in which one of the right-handed
neutrinos is charged under the new gauge symmetry and plays the role of dark matter. In particular,
we perform a detailed phenomenological study for the case of a U(1)(B−L)3 flavouredB−L symmetry.
If perturbativity is required up to high-scales, we find an upper bound on the dark matter mass
of mχ . 2 TeV, significantly stronger than that obtained in simplified models. Furthermore, if
the U(1)(B−L)3 breaking scalar has significant mixing with the SM Higgs, there are already strong
constraints from direct detection. On the other hand, there remains significant viable parameter
space in the case of small mixing, which may be probed in the future via LHC Z′ searches and
indirect detection. We also comment on more general anomaly-free symmetries consistent with
a TeV-scale RH neutrino dark matter candidate, and show that if two heavy RH neutrinos for
leptogenesis are also required, one is naturally led to a single-parameter class of U(1) symmetries.
I. INTRODUCTION
The Standard Model (SM) with the addition of heavy
Majorana right-handed (RH) neutrinos provides a very
successful model for explaining low-energy observations.
As is well-known, small neutrino masses are naturally
generated via the seesaw mechanism [1], and the observed
baryon asymmetry is dynamically created through lep-
togenesis in the early universe [2]. The last remaining
low-energy observation demanding the presence of new
physics is the existence of dark matter (DM); if this min-
imal extension of the SM could also provide a viable DM
candidate, it would therefore present a very attractive
possibility.
This is in fact the case in the νMSM [3], where the
lightest RH neutrino has a keV-scale mass and is the
dark matter [4]. However, in this scenario one is forced
to pay a relatively high price; the benefit of the seesaw
mechanism is largely lost, and one must resort to reso-
nant leptogenesis with highly degenerate masses for the
two GeV-scale RH neutrinos. In this work, we present
an alternative scenario where the lightest RH neutrino
plays the role of DM, while retaining the standard high-
scale seesaw and thermal leptogenesis. In the cases we
consider, this is achieved via the introduction of a new
U(1) gauge symmetry that is spontaneously broken at
low energies; however, there also exist other interesting
possibilities [5].
Given that only two superheavy (MνR & 109 GeV) RH
neutrinos are required to generate the observed light neu-
trino masses and participate in leptogenesis [6], there is
no fundamental barrier to assuming that the third RH
neutrino (ν3R) is significantly lighter and a dark matter
candidate; indeed, one could argue that the existence of
DM provides the only reason to include the third RH
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neutrino at all [7]. However, there remain several issues
that must be addressed: (i) stability of the DM; (ii) ν3R
production in the early universe; and (iii) the large hier-
archy in the RH neutrino masses. The first issue is closely
related to two other problems: the tendency of ν3R to
washout the previously generated lepton asymmetry, and
to significantly raise the scale of the light active neutrino
masses. These problems can be avoided, and DM stabil-
ity ensured, by simply imposing a Z2 symmetry where
ν3R is the only field with negative parity. The second and
third issues above can be simultaneously addressed by
introducing a new U(1) gauge symmetry under which ν3R
is charged. A large Majorana mass for ν3R is then forbid-
den by the gauge symmetry and is only generated upon
spontaneous breaking of the U(1), while the new gauge
interactions provide a production mechanism for ν3R in
the early universe. If the U(1) breaking scale is ∼TeV,
then the ν3R mass is naturally of the same order, and it
can be produced via thermal freeze-out. In other words,
the ν3R becomes a natural WIMP dark matter candidate.
In this paper, we begin by discussing possible choices
for the U(1) gauge symmetry that are consistent with the
above picture. We then focus on one particularly interest-
ing model, a flavoured B −L symmetry: U(1)(B−L)3 [8–
11]. This model also represents the least constrained
model within our framework and as such provides a good
case for a detailed phenomenological study. In Sections V
& VI, we discuss in detail the current theoretical and
experimental constraints on the parameter space of this
model, and comment briefly on the future experimen-
tal prospects. Our main results are then summarised in
Sec. VII.
II. U(1) EXTENSIONS WITHIN SM + 3νR
We are interested in U(1) extensions of the SM that
can provide a thermal production mechanism for ν3R in
the early universe, while still allowing two RH neutri-
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2nos to have large Majorana masses.1 Naively, one might
think that there are many such gauge symmetries; how-
ever, as we shall now demonstrate, the combination of
anomaly cancellation (we assume there are no additional
chiral fermions charged under the SM gauge group) and
phenomenological considerations is in fact quite restric-
tive.
For simplicity, we shall restrict ourselves to consider-
ing vectorial symmetries (i.e. LH and RH fields have the
same charge, modulo U(1)Y ). However, such an assump-
tion is also reasonably well-motivated, since for chiral
symmetries where the SM Higgs is charged under the
U(1), Z-Z ′ mass mixing occurs at tree-level and can lead
to strong constraints from electroweak precision measure-
ments. This single additional assumption, combined with
the requirement that exactly two RH neutrinos can have
large Majorana masses and give rise to leptogenesis, im-
mediately fixes the charges (up to overall normalisation)
in the lepton sector. In flavour space we have2
Ql = (0, 0,−1) . (1)
Moving now to the quark sector, one needs to be careful
about possible flavour-changing neutral currents (FCNC)
mediated by the Z ′, in particular due to the very strin-
gent constraints from K − K¯ mixing. A natural way to
evade these constraints is to impose universal charges for
the first and second generation quarks. Anomaly cancel-
lation then fixes the charge of the third generation quarks
in terms of the first two . Explicitly, we find that
Qq = (a, a,
1
3
− 2a) . (2)
In principle, one could now perform a general phe-
nomenological study of the above class of U(1) symme-
tries. For generic values of a, existing two-mediator sim-
plified models [16, 17] will be broadly applicable; how-
ever, there will be additional constraints arising from the
non-zero charge of the leptons in Eq. (1). Instead, we
will consider in detail the special case a = 0, which is of
particular interest for a number of reasons. Firstly, one
should immediately notice that it in fact corresponds to
a flavoured B − L symmetry, under which only a sin-
gle generation of fermions is charged. It therefore pre-
serves the nice feature of the SM that anomaly cancella-
tion is satisfied independently within each generation. In
fact, one could consider it as the low-energy remnant of
a (U(1)(B−L)i)
3 symmetry at high scales; such a symme-
try could arise in the context of [SO(10)]3 grand unifica-
tion [18]. Interestingly, this model can also provide an ex-
planation [8, 9, 11] of the recent hints of lepton universal-
ity violation in rare B decays observed by LHCb [19, 20].
1 If one removes the assumption of high-scale leptogenesis
there are many additional possibilities, for example the usual
U(1)B−L [12–15].
2 The case Ql = (x,−x,−1) also allows for two heavy RH neu-
trinos; however, they form a Dirac pair and do not generate a
lepton asymmetry.
Lastly, it is also likely to be the least constrained model
within our framework. This is due to the absence of cou-
plings to the first and second generation quarks, which
can significantly alleviate the bounds from LHC searches,
and to a lesser extent direct detection. As we shall see,
even this best-case scenario is already becoming increas-
ingly constrained by experimental searches, although sig-
nificant regions of parameter space still remain to be ex-
plored.
III. REVIEW OF THE FLAVOURED B-L
MODEL
We consider a U(1)(B−L)3 local symmetry under which
only the third generation fermions are charged. The SM
Higgs, H, is taken to be neutral under the new symme-
try. We also introduce a new complex scalar, Φ, with
U(1)(B−L)3 charge +2. This field is responsible for spon-
taneously breaking U(1)(B−L)3 , and simultaneously gen-
erating a Majorana mass for ν3R. Finally, we impose a
Z2 discrete symmetry under which ν3R takes odd parity,
while all other fields are even. This forbids Yukawa cou-
plings between ν3R and the SM fermions, and guarantees
DM stability.
q3L, bR, tR `
3
L, τR, ν
3
R H Φ
Q(B−L)3 +1/3 -1 0 +2
TABLE I. Charges under U(1)(B−L)3 .
Note that the above charge assignments clearly forbid
Yukawa couplings between the third generation fermions
and the first two generations. These couplings can
be generated upon spontaneous symmetry breaking by
either introducing additional Higgs doublets carrying
U(1)(B−L)3 charges, or U(1)(B−L)3-neutral vector-like
fermions that mix with the SM quarks and leptons; the
latter possibility is described in detail in Ref. [11]. The
non-trivial flavour structure of the U(1)(B−L)3 charges
also leads to new physical mixing angles involving the
third generation, in addition to those present in the CKM
and PMNS matrices. Here, we simply assume that these
angles are small and neglect them in our analysis. See
Refs. [9–11] for a more detailed discussion, including the
bounds from flavour observables.
The details of the above mechanism can be largely ne-
glected when discussing the DM phenomenology. The
only assumption we make is that Φ dominates the
U(1)(B−L)3 symmetry breaking (i.e. 〈Φ〉  vev of any
additional scalars), so that we can make use of tree-level
relations to reduce the number of free parameters.
In summary, our model contains a new Z ′ gauge bo-
son, a U(1)(B−L)3 breaking scalar Φ, and a Majorana
fermion dark matter candidate. Here, we define the four-
component spinor χ = (−εν3∗R , ν3R)T to describe the Ma-
jorana dark matter. The relevant Lagrangian can be
3summarised as
L = i
2
χ¯/∂χ+
g
2
Z ′µχ¯γ
5γµχ− (y
2
χ¯ΦPRχ+ h.c.)
+ (DµΦ)†(DµΦ) + µ2ΦΦ
†Φ− λΦ(Φ†Φ)2 − λHΦ(H†H)(Φ†Φ)
− 1
4
F ′µνF ′µν −

2
F ′µνBµν + LSM , (3)
where PR is the RH projection operator. The two scalars
acquire vacuum expectation values, such that in unitary
gauge:
Φ =
1√
2
(w + φ) , H =
1√
2
(0, v + h)T . (4)
In the limit λHΦ → 0, we then have
mχ =
y√
2
w ,
mZ′ = 2gw , (5)
mφ =
√
2µΦ ,
where w = µΦ/
√
λΦ. These expressions can be used to
express the above Lagrangian in terms of the five free
parameters (g,mχ,mZ′ ,mφ, ). In particular, the DM
Yukawa coupling can be expressed in terms of the gauge
coupling as
y =
2
√
2gmχ
mZ′
. (6)
Lastly, non-zero values of λHΦ will introduce mixing
between φ and h. This introduces one additional free
parameter, namely the mixing angle θ. The details are
given in Appendix A.
IV. DM ANNIHILATION AND RELIC DENSITY
Dark matter annihilation proceeds via the new
U(1)(B−L)3 gauge interactions and the Yukawa inter-
action between χ and φ. Representative diagrams for
the four main annihilation channels are shown in Fig. 1.
Once h-φ mixing is included, there are the additional
annihilation channels, χχ → hφ, χχ → hh, and χχ →
SM SM via an s-channel scalar.
The expressions for the annihilation cross-sections in
the limit θ → 0 are given in Eqs. (7–10). We have per-
formed the usual expansion in the DM relative velocity,
in most cases keeping only the leading term in v2.
σv(χχ→ Z ′φ) = g
4
64pim4χm
4
Z′
(
m4φ − 2m2φ(4m2χ +m2Z′) + (4m2χ −m2Z′)2
)3/2
, (7)
σv(χχ→ Z ′Z ′) = g
4
16pim2χ
(
1− m
2
Z′
m2χ
)1/2(
1 +
4(8m4χ +m
4
φ)
3(4m2χ −m2φ)2
m4χ
m4Z′
v2 +O
(
m2Z′
m2χ
))
, (8)
σv(χχ→ φφ) = 3g
4m2χ
8pim4Z′
(
1− m
2
φ
m2χ
)1/2(
1 +O
(
m2φ
m2χ
))
v2 , (9)
σv(χχ→ f¯f) = g
4NcQ
2
f
12pim2χ
(
1− m
2
f
m2χ
)1/2
(2 +m2f/m
2
χ)
(4−m2Z′/m2χ)2
v2 . (10)
In the last equation, Qf denotes the U(1)(B−L)3 charge
of f , Nc is the number of colours in the case of anni-
hilation to quarks, and for annihilation to neutrinos the
expression should be multiplied by 1/2.
Notice that the only s-wave annihilation channels are
Z ′φ and Z ′Z ′, and so these are expected to dominate
whenever they are kinematically accessible. In fact, the
Z ′φ channel always dominates, as can be clearly under-
stood by taking the mχ  mZ′ , mφ limit in Eqs. (7) &
(8). It should therefore be clear that this model cannot
be described by a single mediator simplified model across
much of its parameter space.
For χχ→ Z ′Z ′, we have also included the p-wave term
above, which is naively expected to be sub-leading. How-
ever, it is enhanced relative to the s-wave contribution by
the potentially large factor m4χ/m
4
Z′ , and hence can be
important during freeze-out. The two remaining annihi-
lation channels are p-wave and both can be relevant for
mχ < mZ′ , depending on the φ mass.
In practice, we do not use the above approxi-
mate expressions in our numerical analysis. Rather,
micrOMEGAs-4.3 [21] is used to compute the relic den-
sity, as well as the cross-sections for direct and indirect
detection. Note that micrOMEGAs does not include the
effects of 2−3 annihilations via an off-shell φ or Z ′; how-
ever, these are expected to be important only in narrow
regions of parameter space below the 2 − 2 thresholds.
Finally, recall that the gauge and Yukawa couplings are
related at tree-level via Eq. (6). Hence, one can always
choose to fix the gauge coupling in order to obtain the
4χ
χ
Z′
φ
Z′
χ
χ
Z′
Z′
χ
χ
f
f¯
Z′
χ
χ
φ
φ
FIG. 1. Representative diagrams for the main DM annihilation channels.
correct relic density, ΩDM = 0.12.
V. EXPERIMENTAL AND THEORETICAL
CONSTRAINTS
A. Perturbativity and Unitarity
Consistency of the model requires that perturbative
unitarity is satisfied, which imposes upper limits on the
various masses and/or couplings. Important bounds are
obtained by considering 2−2 scattering processes involv-
ing χ, φ, and the longitudinal polarization of the Z ′. The
strongest bounds generally come from the J = 0 partial-
wave amplitude, defined by
a0fi(s) =
1
32pi
∫ 1
−1
d(cos Θ)Mfi(s, t) , (11)
where Mfi(s, t) is the scattering amplitude, with s and
t the usual Mandelstam variables, and Θ the scattering
angle in the center-of-mass frame. The perturbative uni-
tarity bound can then be expressed as
|Re(a0ii)| < 1/2 . (12)
Firstly, let us consider scattering of the states
Z ′LZ
′
L/
√
2, φφ/
√
2, and Z ′Lφ, assuming
3 λHΦ → 0. In
the high-energy limit, the J = 0 partial-wave scattering
matrix is then given by [22]
lim√
s→∞
a0fi = −
g2m2φ
8pim2Z′
 3 1 01 3 0
0 0 2
 . (13)
Imposing the unitarity bound (12) on the eigenstate of
a0fi with the largest eigenvalue (Z
′
LZ
′
L +φφ) leads to the
3 For unitarity bounds in the case of large mixing see Ref. [16].
bound
mφ <
√
pimZ′
g
. (14)
Similarly, by considering χχ→ χχ scattering, one ob-
tains the bounds [16, 23–25]
mχ <
√
pimZ′
g
, g <
√
4pi . (15)
Using Eq. (5), the first bound can be rewritten simply as
y <
√
8pi.
The above perturbative unitarity bounds apply equally
to both simplified and complete, self-consistent mod-
els. However, in the latter case there is an additional,
stronger bound that can also be imposed if one is willing
to make some mild assumptions about the UV physics.
One reasonable assumption is that the couplings remain
perturbative (i.e. do not encounter a Landau pole) up to
the Planck scale.
The one-loop RGEs are simply given by4
βg =
142
27
g3
(4pi)2
, βy =
1
(4pi)2
3
2
(
y3 − 4g2y) . (16)
Neglecting for now the g2y term in βy (we use the full
coupled RGEs in our numerical analysis), the RGEs have
a simple solution, and yield the bounds
g(µ) <
6pi√
71
3 ln
Λ
µ
, y(µ) <
4pi√
3 ln Λµ
, (17)
where Λ is the scale of the Landau pole. Taking Λ = MPl
and µ = 1 TeV, gives g < 0.65 and y < 1.2. These
constraints are therefore significantly stronger than those
obtained from partial-wave perturbative unitarity.
4 In the RGE for g, we have assumed the presence of two additional
scalars with U(1) charges +1 and +1/3, which play a role in
generating the SM Yukawa couplings [11]; however, their effect
is small.
5B. Z-Z′ Mixing and Electroweak Precision
There can be kinetic mixing between the U(1)Y and
U(1)(B−L)3 gauge bosons, parametrised by  in Eq. (3).
This mixing leads to a shift in the Z boson mass from
its SM value, and as a result is tightly constrained by
electroweak precision measurements which require  .
10−1 − 10−2, depending on the Z ′ mass [26]. Given this
constraint, we can neglect the kinetic mixing when com-
puting other observables, such as the DM relic density.5
While  is simply a free parameter from the point of
view of the low-energy theory, it may be determined by
the UV physics. If either U(1)Y or U(1)(B−L)3 is ul-
timately embedded into a non-abelian gauge group at
some high scale (e.g. in a GUT), then the kinetic mixing
necessarily vanishes above that scale. At lower scales it
is reintroduced radiatively, with the one-loop RGE given
by
(4pi)2β = −32
9
gY g −
(
142
27
g2 +
41
6
g2Y
)
 . (18)
Considering only the leading (first) term above, and ne-
glecting the running of the gauge couplings, one obtains
the approximate solution
(µ) =
2gY g
9pi2
log
(
Λ
µ
)
, (19)
where Λ is the cut-off scale at which  vanishes. It is clear
that for either large U(1)(B−L)3 gauge couplings or high
cut-off scales, (mZ) can easily exceed the bound from
electroweak precision measurements.
Given that our model is self-consistent and in prin-
ciple valid up to very high scales, in Sec. VI we show
the bounds obtained by taking a GUT-scale cut-off,
Λ = 1016 GeV (we also use the full solution to the one-
loop RGEs). As we shall see, this leads to a powerful
constraint on the parameter space. However, it is impor-
tant to keep in mind that, unlike the bounds discussed
in the following sections, this limit is dependent on the
above assumption about the UV physics. Modifying this
assumption (i.e. taking a lower value for Λ) can signifi-
cantly alleviate the bounds.
C. Higgs Measurements
Measurements of the SM Higgs boson couplings and
direct searches for Higgs invisible decays provide con-
straints on h-φ mixing. If new decay modes for the Higgs
are kinematically allowed (i.e. χχ, Z ′Z ′ or φφ), these
5 We have confirmed numerically that the effects of kinetic mixing
are indeed negligible whenever the electroweak precision bounds
are satisfied.
bounds are in fact already quite stringent. The addi-
tional partial decay widths are given by
Γh→χχ =
y2 sin2 θmh
32pi
(
1− 4m
2
χ
m2h
)3/2
, (20)
Γh→Z′Z′ =
g2 sin2 θm3h
8pim2Z′
(
1− 4m
2
Z′
m2h
)1/2
×
(
1− 4m
2
Z′
m2h
+ 12
m4Z′
m4h
)
, (21)
Γh→φφ =
sin2 2θm3h
128piv2
(
1− 4m
2
φ
m2h
)1/2(
1 +
2m2φ
m2h
)2
×
(
sin θ − v
w
cos θ
)2
. (22)
On the other hand, the partial widths to SM final states
are universally reduced by cos2 θ. One can then straight-
forwardly impose the bound from the overall Higgs sig-
nal strength into SM states as measured by ATLAS
and CMS, µ = 1.09 ± 0.11 [27]. In the limit mh <
2mχ, 2mZ′ , 2mφ, this leads to |θ| < 0.37. More generally,
the bound also depends on the sign of θ via Eq. (22).
There are also direct searches for invisible decays of
the Higgs [28, 29], which lead to the bound
BR(h→ χχ) < 0.24
cos2 θ
. (23)
However, this is always weaker than the above limit from
the signal strength into SM final states.
D. Flavour Observables
The new Z ′ gauge boson develops flavour off-diagonal
couplings after rotation of the SM fermions to the mass
basis. Hence, it will generically mediate FCNC at tree-
level; these are strongly constrained by flavour observ-
ables. Generally, the strongest bounds come from K−K¯
mixing; however, these are ameliorated within our frame-
work by construction, due to the universal U(1) charges
of the first and second generation quarks. The effects on
other flavour observables strongly depend on the detailed
structure of the rotation matrices, and in particular the
new physical mixing angles involving the third genera-
tion. A complete discussion is beyond the scope of this
work and we refer the reader to Refs. [9–11] for further
details.
Instead let us focus on the most minimal case, where
all new mixing angles vanish. In this case, off-diagonal
couplings in the quark sector can be confined to the LH
up-type quarks; this leads to constraints from D0 − D¯0
mixing. However, a stronger bound is obtained by con-
sidering only the flavour-diagonal couplings, which lead
to effects in Υ decays. In particular, these modify the
lepton universality ratio
Rτµ =
BR(Υ(1S)→ τ+τ−)
BR(Υ(1S)→ µ+µ−) , (24)
6which has been precisely measured by BaBar [30]: Rτµ =
1.005 ± 0.026. In our model, and neglecting the small
contribution from the SM Z boson, we obtain
Rτµ =
(
1 +
g2
m2Z′ −m2Υ
m2Υ
4piα
)2
, (25)
up to small corrections from mτ which are included in
our numerical analysis.
E. DM Direct Detection
DM-nucleon scattering mediated by the Z ′ is highly
suppressed in this model. Firstly, the Majorana nature
of the DM leads to spin-independent scattering that is
velocity-suppressed. There is then further suppression
due to the fact that the Z ′ does not couple to the light
quarks. Although such couplings will be introduced dur-
ing the RGE running down to nuclear scales, the result-
ing direct detection bounds are essentially negligible [31].
The Z ′ may also develop couplings to the light quarks af-
ter rotation to the mass basis. If the resulting couplings
are chiral, there is then spin-dependent scattering that is
no longer momentum-suppressed. However, the relevant
mixing angles are in most cases required to be small due
to flavour constraints, and the resulting direct detection
bounds due to the Z ′ mediator are still expected to be
very weak.
The situation changes once we include non-zero h-φ
mixing. The scalars then mediate spin-independent DM-
nucleon scattering that is already strongly constrained
by existing direct detection experiments. In our anal-
ysis, we impose the latest bounds from the Xenon 1T
experiment [32]. As we shall see, these bounds give con-
straints even for very small mixing angles (θ ∼ 10−3).
Furthermore, an important point to note is that such
mixing is at the very least generated radiatively at the
two-loop level, i.e. λHΦ ∼ y2t g4/(4pi)4; hence the mixing
angle cannot simply be taken to be arbitrarily small.
F. DM Indirect Detection
In regions of parameter space where the dominant an-
nihilation channel is either χχ → Z ′φ or χχ → Z ′Z ′,
the annihilation is s-wave and there can be potentially
observable indirect detection signals. However, as dis-
cussed in Sec. IV, the p-wave cross-section is enhanced
for χχ → Z ′Z ′ and contributes in setting the relic den-
sity in the early universe. As a result, the annihilation
cross-section today can be significantly lower than the
thermal relic cross-section. When considering the exist-
ing bounds from indirect detection experiments, we can
therefore restrict ourselves to regions of parameter space
where χχ→ Z ′φ is the dominant annihilation channel.
The strongest indirect detection limits on this model
come from the Fermi-LAT gamma ray observations of
dark matter dominated, dwarf-spheroidal galaxies [33].
We generate gamma ray spectra from χχ → Z ′φ an-
nihilation for a range of DM, Z ′, and φ masses using
Pythia-6.4 [34]. The Fermi-LAT binned likelihood func-
tions are then used to compute 95% C.L. upper limits on
the DM annihilation cross-section for each dwarf galaxy.
The statistical uncertainties on the J-factors are included
as nuisance parameters, following the statistical method
adopted in Ref. [35]. For our overall limit, we simply
take the strongest limit obtained from the ”nominal” set
of dwarf galaxies in Ref. [33]; in practice this is always
from either Ursa Major II or Ursa Minor.
G. LHC Searches
There are in general two ways to probe dark matter
models in collider searches. Firstly, one can attempt
to directly probe the dark sector via searches for large
missing energy, in particular mono-jet searches. Alter-
natively, one can look for the mediators via their decays
into SM final states. Within this model, the Z ′ coupling
to leptons means that the second approach will provide
the most sensitive bounds.
An important aspect of this model for LHC searches is
the absence of Z ′ couplings to the first and second gen-
eration quarks. This leads to a significantly suppressed
production cross-section compared to generic Z ′ mod-
els. Even if such couplings are introduced after rotation
to the mass basis, the strong constraints on the mix-
ing angles from flavour processes ensure that b¯b → Z ′
is expected to remain the dominant production channel.
In determining the LHC bounds, the production cross-
section is calculated in the 5-flavour scheme at NLO using
MadGraph-2.5.4 [36].
As a result of the suppressed production cross-section,
mono-jet searches [37, 38] are not currently sensitive to
this model. On the other hand, searches for the Z ′ in
leptonic final states can provide good sensitivity. The
precise bounds again depend on the Z ′ couplings in the
mass basis; we shall assume the minimal case where there
is no rotation of the charged leptons. The LHC bound
then comes from Z ′ → τ¯ τ searches. We impose the limits
from the recent ATLAS search for spin-1 resonances with
36.1 fb−1 integrated luminosity at
√
s = 13 TeV [39].
Finally, one can also search for the scalar φ. It has
a potentially rich phenomenology, and can decay to χχ,
Z ′Z ′, hh, and other SM final states via mixing. Each
of these decays can dominate in certain regions of pa-
rameter space. However, φ production at the LHC is
always suppressed by the mixing angle θ. After taking
into account the other bounds on the mixing angle dis-
cussed above, the production cross-section is expected to
be small; hence we shall not consider the detailed bounds
from these searches.
7VI. LIMITS ON THE PARAMETER SPACE
The constraints on the model parameter space from the
bounds discussed in Sec. V are combined in Figs. 2 & 3.
Results are shown in the mχ-mZ′ plane, where we have
fixed the gauge coupling by requiring that the observed
DM relic density is satisfied. We shall consider two values
for mφ, which exemplify the two qualitatively different
regions of parameter space.6 Similarly, we consider both
large (θ = 0.1) and small (θ = 10−3) mixing.
A. mφ = mχ/3
In Fig. 2 we fix mφ = mχ/3 such that the annihila-
tion channel χχ → Z ′φ is kinematically accessible, pro-
vided mχ & 3mZ′/5. Firstly, notice the clearly visible
region where the annihilation cross-section is resonantly
enhanced, mχ ≈ mZ′/2. To the right of this region
χχ → Z ′φ is always the dominant annihilation chan-
nel, while for smaller DM masses both χχ → f¯f and
χχ → φφ are relevant. In the case of large mixing (left
panel), Higgs-mediated annihilation can also be impor-
tant near resonance, mχ ≈ mh/2.
The dark grey region in Fig. 2 shows where partial-
wave perturbative unitarity is violated; this bound is also
obtained in simplified models. On the other hand, the
light grey region shows the much stronger constraint that
can be obtained in the complete model, if one requires
that all couplings remain perturbative up to the Planck
scale. In particular, the maximum dark matter mass is
significantly reduced from mχ ≈ 40 TeV to mχ ≈ 2 TeV
(excepting the resonance region). Notice that for a given
value of mχ above the resonance region, the relic density
requirement fixes w = mZ′/(2g) via Eq. (7); hence, the
perturbativity bound is simply a vertical line where the
required Yukawa coupling becomes too large (y(mZ′) &
1.2). There is also an upper bound on the Z ′ mass coming
from the requirement that the gauge coupling remains
perturbative (g(mZ′) . 0.65).
Let us now turn to the various experimental bounds,
denoted by the coloured regions in Fig. 2. Firstly, note
that large h-φ mixing (θ = 0.1) is already highly con-
strained by the results from the Xenon-1T experiment.
The region that survives is where mφ ≈ mh; in this
case there is a cancellation between the two contribu-
tions to the DM-nucleon scattering cross-section. The
resonance region (mχ ≈ mZ′/2) also partially survives
due to the smaller gauge coupling. For DM masses be-
low ∼ 100 GeV, there is also a strong bound from Higgs
measurements; however, this is always weaker than the
bound from direct detection.
Even in the case of very small mixing (θ = 10−3), we
see that there are still non-negligible constraints from
6 The resonance case, mφ ≈ 2mχ, is also qualitatively distinct;
however, we will not consider this special case in detail.
direct detection. However, there are now also large re-
gions of viable parameter space. For mZ′ ∼ mZ there
is a relatively strong bound from electroweak precision
measurements due to the kinetic mixing; however, recall
that this bound can be significantly weakened by mod-
ifying our assumptions regarding the UV physics. LHC
searches also play an important role, and provide the best
way to probe this model for large Z ′ masses. In fact, a
naive rescaling of the current bounds to 3000 fb−1 sug-
gests that, for mZ′ & 200 GeV, the HL-LHC will be able
to probe the entire region up to the perturbativity bound
(mχ . 2 TeV). For small Z ′ masses, there are constraints
from indirect detection. While the current bounds from
Fermi-LAT are relatively weak, future indirect detection
experiments such as CTA will be essential for probing
this region of parameter space, and will be sensitive to
heavier DM masses [40].
B. mφ = 3mχ
Next, we consider the case where mφ = 3mχ and the
χχ → Z ′φ annihilation channel is always kinematically
forbidden; this is shown in Fig. 3. A key difference com-
pared to the previous case is that freeze-out proceeds via
χχ → Z ′Z ′ annihilation for DM masses above the reso-
nance region. Consequently, a larger gauge coupling is re-
quired in order to achieve the thermal relic cross-section.
As a result, this region of parameter space becomes much
more strongly constrained. Note that for large mixing,
χχ→ hZ ′ is now also an important annihilation channel
for heavy DM masses; however, the suppression by the
mixing angle means that increased gauge couplings are
still needed.
For large dark matter masses, the p-wave term in
Eq. (8) dominates and the relic density requirement again
fixes w = mZ′/(2g). Since the required value of w is
smaller than in the mφ = mχ/3 case, the upper bound
on the dark matter mass from perturbativity of the
Yukawa coupling becomes significantly stronger. Out-
side of the resonance region, partial-wave unitarity now
requires mχ . 1 TeV and perturbativity up to the Planck
scale mχ . 0.5 TeV. On the other hand, for DM masses
below mZ′/2 the situation is largely unchanged from be-
fore (although the χχ → φφ channel is now forbidden),
and as such the upper bound on the Z ′ mass is similar.
From the left panel of Fig. 3, we see that large mixing
is almost completely excluded by the various experimen-
tal measurements, with the exception of the resonance
regions mχ ≈ mZ′/2 and mχ ≈ mh/2. The main reason
for this is that the condition mφ ≈ mh, where the bounds
from direct detection can be evaded, is now satisfied for
smaller DM masses where there are already constraints
from other measurements.
Moving to the right panel of Fig. 3, we see that even
the small mixing case is quite strongly constrained. LHC
searches benefit from the larger gauge coupling and cover
most of the allowed parameter space for mZ′ > 200 GeV.
8FIG. 2. Constraints on the model shown in the mχ-mZ′ plane, in the case of large mixing (left) and small mixing (right). All
regions satisfy the correct relic density, with the contours showing the required gauge coupling. The dark grey regions violate
perturbative unitarity, while in the light grey regions the gauge or Yukawa couplings encounter a Landau pole below MPl. The
coloured regions are excluded by various experimental measurements at 95% C.L. (90% C.L. for Xenon-1T). We have fixed
mφ = mχ/3.
FIG. 3. As in Fig. 2, but with mφ = 3mχ
Similarly, the kinetic mixing parameter is sensitive to the
gauge coupling via the RGE running, and electroweak
precision measurements exclude much of the intermediate
Z ′ mass region (once again this bound is UV sensitive).
For a light Z ′, there is now also a constraint from Υ
decays.
Interestingly, the bound from direct detection is ac-
tually alleviated due to the heavier φ mass, which re-
duces the DM-nucleon scattering cross-section. Finally,
there are no bounds from indirect detection since the s-
wave annihilation cross-section today can be significantly
smaller than the thermal relic cross-section, as discussed
9in Sec. IV. The low Z ′ mass region is therefore challenging
to probe via dark matter searches in this case; however,
such a Z ′ could be probed at a future e+ e− collider [41].
VII. CONCLUSION
We have considered the possibility that the lightest RH
neutrino could provide the observed dark matter in the
universe. In particular, we assumed this RH neutrino
is charged under a new U(1) gauge symmetry that is
spontaneously broken near the TeV scale. It can then
obtain a Majorana mass upon U(1) breaking, and be
produced via thermal freeze-out, making it a standard
WIMP dark matter candidate.
Interestingly, we have shown that if one requires two
additional heavy RH neutrinos for leptogenesis, and de-
mands suppression of FCNC in the quark sector, then
there remains only a single-parameter family of possible
vectorial U(1) symmetries. We then focused in detail on
the special case of a flavoured B −L symmetry, which is
the least constrained model within this framework.
In the case of large mixing (θ = 0.1) between the
U(1)(B−L)3 breaking scalar and the SM Higgs, this model
is already highly constrained by DM direct detection ex-
periments. For smaller mixing angles, these bounds are
alleviated and there remains significant parameter space
to be explored. The regionmZ′ > 200 GeV can be probed
via Z ′ searches at the LHC. For lighter Z ′ masses, cer-
tain regions of parameter space can be tested with future
indirect detection experiments; however, the situation is
more challenging.
Finally, if one requires consistency of the model up to
the Planck scale, there are strong upper limits on the Z ′
and, in particular, the DM masses. Outside of resonance
regions, we obtain the bound mχ . 2 TeV. This limit
is significantly stronger than that obtained by imposing
perturbative unitarity in simplified models.
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Appendix A: h-φ Mixing
Let us define the mass eigenstates h′, φ′. The gauge
eigenstates can then be expressed as
h = h′ cos θ + φ′ sin θ ,
φ = φ′ cos θ − h′ sin θ , (A1)
where the mixing angle θ ∈ [−pi/4, pi/4] is given by
tan 2θ =
λHΦvw
λΦw2 − λHv2 . (A2)
It is straightforward to determine the physical masses
m2h,φ = λHv
2 + λΦw
2
± (λHv2 − λΦw2)√1 + tan2 2θ , (A3)
where mh (mφ) is defined to be the mass of the Higgs-like
state h′ (φ-like state φ′). Finally, the quartic couplings
can be conveniently expressed in terms of the mixing an-
gle and masses as
λH =
1
4v2
(
m2φ +m
2
h − (m2φ −m2h) cos 2θ
)
,
λΦ =
1
4w2
(
m2φ +m
2
h + (m
2
φ −m2h) cos 2θ
)
,
λHΦ =
1
2wv
(m2φ −m2h) sin 2θ . (A4)
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